The genetic variation within a bacterial clone (known as Shigella sonnei but in effect a clone of Escherichia coli) was examined by studying 46 clinical isolates that were epidemiologically unassociated and isolated from patients in different countries over a period of 41 years (1950 to 1991). Restriction fragment length polymorphism and DNA sequencing of two housekeeping genes, mglB and gnd, in 10 strains revealed only one nucleotide substitution in the mglB gene in one strain. Ribotyping of 31 strains recovered from five countries over the 41 years proved more sensitive, detecting eight polymorphic sites with worldwide change in frequency of alleles at one site over the period studied.
The genetic variation within a bacterial clone (known as Shigella sonnei but in effect a clone of Escherichia coli) was examined by studying 46 clinical isolates that were epidemiologically unassociated and isolated from patients in different countries over a period of 41 years (1950 to 1991). Restriction fragment length polymorphism and DNA sequencing of two housekeeping genes, mglB and gnd, in 10 strains revealed only one nucleotide substitution in the mglB gene in one strain. Ribotyping of 31 strains recovered from five countries over the 41 years proved more sensitive, detecting eight polymorphic sites with worldwide change in frequency of alleles at one site over the period studied.
We are interested in variation within bacterial clones and have studied one, classified as Shigella sonnei but in reality a pathogenic clone of Escherichia coli, that produces bacillary dysentery in humans. Studies have shown that E. coli and all "Shigella" spp. are sufficiently similar to be placed in the same species (11-13, 20, 21, 23, 41, 56) . "Shigella" strains are currently classified into four species: Shigella dysenteriae, Shigella flexneri, Shigella boydii, and S. sonnei. Three of them are heterogenous, comprising several serotypes, but S. sonnei is antigenically homogenous, having only one serotype. S. sonnei is a distinct taxon (16, 28) and for our purpose has an advantage in that it clearly fits the criteria for a clone and has the added feature of possessing attributes making it of sufficient medical importance to have been treated as a distinct species and recorded as such since the early 1900's (18) . It should, however, be treated as an E. coli clone, with host specificity and a particular mode of pathogenesis. Hence, we will refer to it as sonnei.
The clonal structure of E. coli was first presented as a concept by the 0rskovs (42, 44) . They found specific associations between serotypes and biotypes in E. coli strains causing diarrhoea, and because of the rarity of these serotypes among non-disease-causing isolates, they considered that this was not a chance association but was due to the existence of clones, each with a specific host range and mode of pathogenesis and each being identifiable by specific characteristics. In this context, a clone refers to bacteria that have been isolated independently from various sources, in separate locations, and at different times but which share so many identical phenotypic and genotypic traits that the most likely explanation is a common origin (43) . Further evidence for E. coli populations being clonal in structure came from the frequent recovery in multilocus enzyme electrophoresis studies of a restricted number of genotypes, many found in diverse parts of the world, indicating a low frequency of recombination (14, 40, 41, 52, 56) . However, recombination does occur, although only short segments of DNA appear to be transferred and the frequency is low (8, 17, 29, 52) .
Periodic selection (6), thought to operate in bacterial populations (27, 29) , occurs under conditions of low-level recom-bination when a selectively favorable mutation gives rise to a clone of greater fitness which replaces the preexisting population. Unselected alleles present in the same organism will replace other alleles by hitchhiking with the mutation conferring greater fitness and purge the population of preexisting mutation variation (2, 23, 29, 35, 36, 40, 56) . Although periodic selection has generally been considered to operate at the species level, with the favored clone replacing all individuals of a species, we have recently suggested that bacterial clones may be niche adapted and that periodic selection acts only within such clones (48) . No information about the frequency of periodic selection or the extinction of clones is currently available. There have been no studies of the changes that occur within specific clones over time. If periodic selection does occur, then changes in neutral variation due to the hitchhiking effect should enable periodic selection to be detected.
Previous evidence from DNA reassociation tests (11) , serotyping (45) , and isoenzyme studies (41) suggests that the clone sonnei is genetically homogenous, as the strains were indistinguishable by these methods. Colicin typing (1, 37) , phage typing (32, 47, 53) , biotyping (32) , plasmid analysis (30-33, 46, 58) , resistotyping based on the selective toxicity of randomly chosen chemicals (19) , antimicrobial susceptibility testing (58) , and insertion sequence studies (54) have, however, been used to detect variation in sonnei, but although these methods show there is variation in sonnei and may be suitable for distinguishing between individual epidemic strains, they rely on characteristics that are not stable but easily lost; therefore, these methods may not be suitable for studying the variation and evolution of isolates within a clone collected over long periods of time.
In this paper, we present a study of variation within sonnei in order to investigate molecular evolution within a clone, by the techniques of restriction fragment length polymorphism (RFLP), DNA sequencing of chromosomal housekeeping genes (genes concerned with basic cell functions and hence generally present in all strains of the species), and ribotyping.
MATERIALS AND METHODS
Bacterial strains. The clinical strains used in this study ( all strains were checked, and the strains were confirmed as "S. sonnei" by testing with phase 1 and 2 antisera. Amplification of bacterial chromosomal DNA by PCR. Chromosomal DNA was prepared as described by Bastin et al. (7) . The ,B-methylgalactoside (mglB) and 6-phosphogluconate dehydrogenase (gnd) genes were amplified as 1,154-and 1,418-bp fragments, respectively, by PCR essentially as described by Saiki et al. (49) with annealing temperatures of 50°C for mglB and 48°C for gnd. The oligonucleotide primers were those used in the studies of Bisercic et al. (8, 9) and are based on the previously published E. coli K-12 mglB (51) and gnd (38) 32, 1994 on September 20, 2017 by guest http://jcm.asm.org/ Downloaded from under the conditions recommended by the manufacturer (Boehringer Mannheim). The DNA fragments were separated electrophoretically through horizontal 2% agarose gels and stained with ethidium bromide, and the patterns were visualized after photography.
DNA sequencing of mglB and gnd genes. Double-stranded PCR DNA was purified with the Prep-A-Gene DNA purification matrix (Bio-Rad, Richmond, Calif.) followed by isoamyl alcohol and ethanol precipitation. The sequence was determined in one direction (5' to 3') by the dye primer technique by using a DNA thermal cycler (Perkin-Elmer Cetus, Norwalk, Conn.) and an automated 373A DNA sequencer (Applied Biosystems, Burwood, Victoria, Australia) according to the manufacturers' instructions.
Ribotyping. The ribotyping procedure identifies and compares the restriction fragments of chromosomal DNA carrying RNA genes after hybridization with a 32P-labelled E. coli rRNA probe (22) . E. coli has seven rRNA gene operons, each comprising 16S, 23S, and 55 RNA genes plus some tRNA genes (10, 22) . Ribotyping detects genetic changes in DNA flanking the rRNA genes, which themselves are not very variable. This approach has been used successfully to differentiate between members of the same bacterial species, including Staphylococcus spp. (15, 25) , E. coli (22) DNA sequence similarity in sonnei strains revealed by RFLP analysis and DNA sequencing of the mglB and gnd genes. gnd and mglB were chosen because gnd has been shown to be highly polymorphic (8) , whereas mglB has an average level of variation in E. coli (9) . The restriction enzymes chosen were known to have sites within the respective fragments of the E. coli K-12 sequence and included both high-and lowfrequency cutters. The number of bases covered was estimated by first adding the bases in all restriction sites in the relevant gene of E. coli K-12. This number should theoretically be multiplied by a factor of 2 (34) because the likelihood of a restriction site being lost is equal to the chance of a site appearing. However, the likelihood of gaining a site is equal to the likelihood of losing a site only if the number of sites present is a good estimate of the average number expected. In our case, the number present is an overestimate of the average, and we looked instead at the average number of sites in a 28-kb continuous stretch of DNA from E. coli (GenBank accession no. X55034). For example, AvaIl has 18 sites in the 28,277-bp fragment and 1 site in the 1,154-bp mglB fragment, making the frequency 1.36 times higher in mglB. As the chance of losing a site is 36% higher than the chance of gaining a site, the number of bases covered with AvaIl should be multiplied by a factor of 1.73 [1 + (1/1.36)] rather than by the theoretical value of 2. On this basis and after checking for overlap of sites, the amount of DNA covered was 37.4% of mglB and 27.8% of the gnd gene. The changes from the K-12 sequence were common to all sonnei strains, these changes being a loss of three sites in mglB and seven in gnd, with no new sites. The only variation within the sonnei strains was a loss of one restriction site in mglB from strain 3, isolated in Australia in 1961. The recovery of epidemiologically unrelated strains with identical RFLP patterns, isolated over long periods of time from different parts of the world, confirms that variation in sonnei is very limited.
DNA sequencing has greater resolving power than RFLP, as it can detect polymorphisms in regions where no restriction site is located, and so for 10 strains the sequences of the entire mglB gene and the first 440 bp of gnd were determined (Table  1) . Sequencing identified the sole base change found by RFLP as a transition from cytosine to thymine and did not uncover any other differences. The single nucleotide change in the total of approximately 1,440 bp studied in the 10 strains sequenced gives further support to the fact that the sonnei genome is conserved and maintained over time. Although DNA sequencing identified the base change discovered by RFLP, no additional variation was detected. Even though only relatively few strains were used, they do include isolates collected from 1950 to 1991 and clearly show that RFLP and DNA sequencing are not sufficiently sensitive for detecting the low level of variation within a clone.
Detection of variation in sonnei by ribotyping. In order to extend the analysis, 31 strains (Table 1 ) with a worldwide distribution were subjected to ribotyping. In this study, five restriction enzymes (SalI, Sacd, PvuII, BamHI, and SmaI) producing distinct patterns (Fig. 1) were used, enabling detection of eight polymorphic restriction sites within the 31 strains (Table 2 ). In order to achieve good separation of larger bands, a 1-kb fragment common to all the sonnei strains but not K-12 was not able to be shown for the Sall ribotypes (Fig. 1A) . The presence or absence of a site was inferred from the ribotyping patterns in the following way. Comparing the overall patterns and changes in size of particular fragments allowed correlation of the appearance or loss of a fragment to the gain or loss of a specific restriction site. For example, with the enzyme Sall (Fig. 1) , strains with patterns 1 and 2 differ by the presence of a 3-kb fragment in pattern 2 and a 2.2-kb fragment in pattern 1. Strains with pattern 2 lack the S001 site, which yields a 2.2-kb fragment, and hence have a 3-kb fragment terminating at site S002. Pattern 2 is S001 negative (SO01-) and S002 positive (S002+), while pattern 1 is SOO1+ and undetermined for S002, as the probe in this case does not extend beyond the S001 site. The total nucleotide diversity (rr, the average number of nucleotide differences per site for a group of DNA sequences) was determined by the method of Nei and Miller (39) , giving values of 0.00014 for the combined sequencing and RFLP data from mglB and gnd and 0.007 for ribotyping. Ribotyping detects variation in uncharacterized regions of DNA that flank rRNA genes (24) , regions which, if they are noncoding sequences, perhaps are not under the same constraints as coding DNA (e.g., mglB and gnd), and this is a possible reason for the ,r value for ribotyping being higher than that for the mglB and gnd sequencing data.
Site S001 was of interest, as the S001+ allele was dominant before 1983 and then decreased in frequency. These results are summarized in Table 3 . As the numbers of strains were sufficient, we used a chi-square analysis and found a statistically significant difference (P < 0.05) in the frequencies of alleles S001 + and S001 -for the pre-1983 period and 1983 onwards. One possible explanation for this result is that it is due to a round of periodic selection within the sonnei clone.
If the process occurring here is periodic selection, then it is not due to a new mutation as there appears to be no reduction in overall variation. This suggests that the S001-allele and the presumptive favorable mutation had been associated for sufficient time for the level of variation within that clone to have reached that of the sonnei population at large. Perhaps the mutation driving the periodic selection became adaptive around 1960 to 1980 because of some general change in the environment, enabling the fitter S001-strains to gradually increase in frequency and dominate the sonnei population. It is hard to imagine what such a global change could be but possibilities are a change in average diet or a change in the background bacteriophage flora. The number of infections due to sonnei in England and Wales has steadily risen since 1950 (55), perhaps marking a round of periodic selection, with the effect on allele frequency being very marked by the early 1980's.
Milkman and Bridges have developed the "clonal frame" model (34) , based on species-wide periodic selection. However, this model does not take into account the possibility of clonal adaptation, especially of pathogenic clones such as sonnei, and offers no mechanism for maintaining adaptive polymorphisms which would disappear under species-wide selection. Sonnei is specific to humans and nonhuman primates and causes an invasive type of infection: it is an example of a clone apparently well-adapted to a specific niche. If we treat sonnei as a long-lived niche-adapted clone, then we can focus on evolution within clones, which may proceed through muta- (1961) 83 (1962) 101 (1968) 108 (1970) 92 (1974) 119 (1974) 102 (1976) 103 (1976) 
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(1978) 8 (1978) 104 (1981) 24 (1986) 105 (1986) 50 ( one particular subclone found itself in a situation where it could reproduce in a safe niche and be transported worldwide.
Phylogenetic analysis of the ribotyping data, with maximum parsimony and K-12 as the outgroup, generated eight unrooted trees with the minimal length of 16, each tree showing two groups of strains, those S001 + and those SOO -, the exception being strain 2, which was the oldest isolate and S001 + although it clustered within the SOOl -group. One class of trees showed SOOI + and SOOI -strains evolving separately, while the others showed SOOI-and S()01+ strains evolving from each other. A simple example of each type of tree is shown in Fig. 2a . Because of the nature of the data and the fact that all three possible types of tree were found, we were not able to determine whether one cluster evolved from within the other, and one tree depicting the two SOOI groups evolving separately is shown in more detail (Fig. 2b) . Additionally, the problem of obtaining sufficient data from this clone makes the construction of a rooted tree more difficult.
A further 15 isolates from different patients in Australia were analyzed, and the same trend in SOOI alleles was observed. From the total of 24 Australian strains, only 1 of the 11 strains isolated before 1982 had the S001 -allele, compared
